A simple luminescence-based assay for screening the viability of mammalian cells is described, based on the monitoring of cell respiration by means of a phosphorescent water-soluble oxygen probe that responds to changes in the concentration of dissolved oxygen by changing its emission intensity and lifetime. The probe was added at low concentrations (0.3 µM to 0.5 nM) to each sample containing a culture of cells in the wells of a standard 96-well plate. Analysis of oxygen consumption was initiated by applying a layer of mineral oil on top of each sample followed by monitoring of the phosphorescent signal on a prompt or time-resolved fluorescence plate reader. Rates of oxygen uptake could be determined on the basis of kinetic changes of the phosphorescence (initial slopes) and correlated with cell numbers (10 5 to 10 7 cells/mL for FL5.12 lymphoblastic cell line), cell viability, or drug/effector action using appropriate control samples. The assay is cell noninvasive, more simple, robust, and cost-effective than existing microplate-based cell viability assays; is compatible with existing instrumentation; and allows for high-throughput analysis of cell viability. (Journal of Biomolecular Screening 2003:264-272) Journal of Biomolecular Screening 8(3); 2003 www.sbsonline.org 271 FIG. 8. Effect of the PtCP-BSA probe concentration on the viability of test cells in conditions of a typical cell-respirometric assay.
INTRODUCTION
C ELL VIABILITY ASSAYS ARE ESSENTIAL ASSAYS in the areas of cell biology and drug discovery. Analysis of cell viability is necessary for the characterization of cell responses to endogenous factors, such as soluble hormones, growth factors, effectors, and genes, and also to exogenous factors such as cytotoxic drugs and environmental stress. Traditionally, viability has been determined by staining cells with vital dyes that probe membrane integrity. Cells with intact cell membranes are deemed "viable" and are counted under a light microscope. This method, although often used, is labor intensive and tedious. Automated alternatives include electric cell counters 1 and flow cytometers, but although these methods are accurate, they are associated with sophisticated equipment and high assay costs and require technical expertise. Assessment of cell viability on the basis of rates of uptake/release of principal metabolites is another alternative. Rates of incorporation of radiolabeled nucleotides such as 3 H-thymidine into cellular DNA can be monitored and correlated to rates of proliferation. 2 Although sensitive, this approach requires handling and disposal of radioisotopic waste and is labor intensive. The bioluminescencebased ATP assay using luciferase enzyme 3, 4 provides good sensitivity (down to 20 cells/mL), but it requires lysis of cells for measurement.
A number of assays have been developed in recent years that allow the assessment of cell viability in a more convenient, automated, and cost-effective manner using relatively simple chemistry (probes), microplates, and plate readers. A typical example is the absorbance-based "MTT assay." MTT tetrazolium selectively stains viable cells; the yellow tetrazolium dye is reduced intracellularly to an insoluble blue-purple product, which may be solubilized in DMSO and measured spectrophotometrically in 96well plates. 5 Assay improvements have removed the necessity for solubilization. 6 However, this assay suffers from low sensitivity, a lengthy procedure, and variability in results. In addition, potential interactions with reducing groups of drugs under analysis further limit its use. Fluorescence-based cell assays are becoming increasingly popular due to their sensitivity and versatility. Charged nucleic acid stains, such as ethidium homodimer 1, which can penetrate cells with damaged membranes, are used to quantify nonviable cells. Alternatively, uncharged dyes such as Calcein AM may be used to quantify viable cells based on cellular esterase ac-tivity. 7 The limitation of these membrane integrity probes and assays is that they are not always an ideal measure of cell viability. 8, 9 For example, cells dying by apoptosis actually retain membrane integrity until very late stages, although they are effectively dead. Also, all these assays are cell invasive; cells cannot be recovered for further analysis, and because they require multiple steps and end-point detection, continuous monitoring of cultures over time is not possible. Applying these dyes to the analysis of suspension cells in a microplate format can also prove problematic as centrifugation and subsequent washing of the precipitated cells can result in the introduction of additional error. This limitation has been observed on analysis of anchorage-dependent cells at a high cell number. 10 As molecular oxygen is a critical metabolite of all aerobic biological systems, monitoring of the dissolved oxygen consumption can give valuable information about the metabolic activity of cells and cell viability. Dissolved oxygen diffuses quickly across cell membranes, so it can be measured from outside cells in a noninvasive manner. The main complication of this approach is the vast excess of ambient oxygen (in air), which makes it difficult to measure low levels of dissolved oxygen uptake by cells.
The emission of certain photoluminescent dyes can be quenched by molecular oxygen. 11 This dynamic process can be used for the quantitation of oxygen by analyzing the levels of quenching of luminescent polymer compositions. Long-decay phosphorescent metalloporphyrins and fluorescent complexes of ruthenium(II) are most commonly used for optical oxygen sensing 12 and related applications. In particular, a simple system for monitoring respiration and viability of yeast cells (Saccharomices pombe) has been described by us recently. This operates with solid-state oxygen sensor inserts (small disposable membranes with a phosphorescent oxygen-sensitive coating), microwell strips sealed with a layer of mineral oil, and a fiber-optic phase-fluorimetric detector. 13 A similar system, called a "BD Biosensor," was developed by Beckton Dickinson Biosciences, which uses 96-and 384-well plates containing a ruthenium-based fluorescent oxygen-sensitive coating on the bottom of each well. 14 This system is compatible with conventional fluorescence plate readers and was demonstrated to work with mammalian cells. However, the assay requires relatively high cell numbers (> 10 5 /mL) and long assay times. Another limitation of this approach is that dedicated tools such as coated plates, sensor inserts, and detectors are required, and significant amounts of the oxygen probe and biomaterials are consumed. This results in relatively high assay costs, particularly when high-throughput screening (HTS) applications are concerned. However, these assays potentially allow real-time kinetic monitoring of cells on a microscale, and after performing such assays, the cells can be recovered.
A number of porphyrin-based water-soluble phosphorescent oxygen probes have been described. These probes usually comprise noncovalent complexes with macromolecules or solutions of free dye 15 and have been applied to oxygen imaging in tissues, 16 oxygen sensing, and enzymatic analysis, 17 in conjunction with spe-cial measurement setup and instrumentation. However, their suitability to cell viability assays and HTS applications is questionable due to potential problems with reagent standardization, selfquenching at high concentrations, binding to cells and sample components (e.g., proteins), and phototoxic effects. Water-soluble oxygen probes based on fluorescent complexes of ruthenium(II) 18 have similar drawbacks, and due to their shorter lifetimes, timeresolved measurement of these probes is not possible with existing time-resolved fluorescence plate readers.
The objective of this study was to overcome some of the limitations of existing cell viability assays and develop a more simple, robust, and cost-effective method suitable for high-throughput viability screening of mammalian cells. This paper describes new formats of cell viability assays based on oxygen respirometry, which employ water-soluble phosphorescent oxygen probes and are compatible with standard microplates and fluorescence plate readers. These assays were evaluated with suspension mammalian cells. Particular emphasis was placed on time-resolved fluorescence detection, which was expected to provide higher sensitivity with respect to the oxygen probe, internal referencing (lifetimebased sensing) in respirometric assays, and minimal optical interferences.
EXPERIMENTAL

Materials
A p-isothiocyanatophenyl derivative of platinum(II)coproporphyrin-I (PtCP-NCS) was obtained from Arctic Diagnostics (Turku, Finland). Buffers, DMSO, trypan blue, bovine serum albumin (BSA, 99%), and heavy mineral oil were from Sigma-Aldrich (St. Louis, MO). Calcein AM was from Molecular Probes (Eugene, OR). Growth medium (IMDM and RPMI-1640) was from BioWhittaker (Verviers, Belgium). Microplates were obtained from Nunc (Roskilde, Denmark).
Synthesis of the phosphorescent oxygen probes
Phosphorescent labeling of BSA was carried out as described earlier. 19 A small sample of PtCP-NCS was dissolved in DMSO to a concentration of 3 mg/mL (2.97 × 10 -3 M). Then, 40 µL of this solution was added to 960 µL of BSA in 0.05 M carbonate buffer, pH 9.6 (1.7 mg/mL, 2.55 × 10 -5 M). The reaction mixture was incubated at room temperature in the dark. The labeled protein was separated from unbound dye on a PD10 desalting column (Pharmacia) equilibrated with phosphate buffer saline (PBS) (0.3 M NaCl, 0.1 M K-phosphate, pH 7.4). The conjugate fraction was collected, and its concentration and degree of labeling were determined on the basis of its absorption spectrum, as described earlier. 19 
Spectral measurements
UV-VIS absorption spectra of the conjugates (range: 240-600 nm) were measured on an HP8453 diode array spectrophotometer Fluorescence-Based Cell Viability Screening Assays (Agilent, USA) in a 1-cm quartz cell. Excitation and emission spectra were measured on an LS-50B luminescence spectrometer (Perkin Elmer, USA). Phosphorescence lifetimes were measured on the same instrument using the short-decay phosphorescence option of the FLDM software (Perkin Elmer), using a gate time of 50 µs and a delay time step of 10 µs.
Time-resolved phosphorescence measurements
The optical unit for time-resolved phosphorescence measurements was incorporated into a standard Fluoroscan Ascent microplate fluorometer (Thermo Labsystems Oy, Finland), which controls the XY-movement of 96-and 384-well microplates (SSIstandard). A 10-mW frequency-doubled, diode-pumped, solidstate Nd:YVO 4 laser, type Gl10dT (BremLas Lasertechnik, Germany), was used for excitation. This 532-nm laser functions in cwmode, but it can be modulated by an external CMOS-level logic signal to produce pulses of variable duration from 1 µs upwards and up to a 10-kHz repetition rate.
The ArcDia plate reader (Arctic Diagnostics Oy, Turku, Finland) employs an epi-fluorescence optical setup for sample illumination and luminescence detection. A naturally diverging laser beam is reflected into the sample by an aluminum-coated mirror positioned at a 45-degree angle with respect to the incident beam. The reflecting mirror has an ellipsoidal shape of semiaxes 3 mm and 5 mm, respectively. Sample emission that passes around this mirror is then filtered with bandpass filter D645/20 (Chroma Technology, USA). The collected photons are focused by a planoconvex lens 25 × 50 F.L. (Edmund Industrial Optics, USA) onto the multialkali photocathode of the channel photomultiplier tube C952-P (Perkin Elmer Optoelectronics). The single-photon current pulses generated by the photomultiplier tube are converted to TTL/CMOS-level logic pulses using an AD8561 ultra-fast comparator circuit (Analog Devices, USA) and counted by multichannel scaler circuitry.
Multichannel scaler was constructed by combining a SHARC ADSP-21061 EZ-kit lite digital signal processor module (Analog Devices, USA) and a programmable logic device Xilinx XC9572 CPLD (Xilinx, USA). Two parallel multiplexing 8-bit photon counters and a 16-bit timer counter have been implemented on a XC9572 CPLD circuit. The timer circuit controls laser modulation and multiplexing of the photon counters and transfers the photoncounting data into the processor memory. This multichannel scaler setup produces linear response up to 50-MHz pulse rates. The dwell time (i.e., the duration of each consequent counting interval) can be chosen from the software from 0.1 µs upwards. The collected data are transferred to a PC via serial RS-232 data communication. In addition to the measurement of time-resolved luminescence, the multichannel scaler (minimal bin width is 0.01 µs) and instrument software allow for the measurement of the luminescence decay curve and calculation of emission lifetime within the same measurement cycle.
Cell culture
Namalwa cells are a lymphoblastic cell line derived from a human Burkitt's lymphoma. They were maintained in RPMI-1640 growth medium, supplemented with 2 mM L-glutamine and 10% w/v fetal bovine serum (FBS). FL5.12 cells are an IL3-dependent lymphoblastic cell line derived from fetal mouse liver. They were maintained in Iscove's modified defined medium (IMDM) supplemented with 1 mM L-glutamine, 10% w/v (FBS) (all from BioWhittaker, Verviers, Belgium), and 10% v/v conditioned medium (CM) from IL-3-producing cell line WEHI-3B.
Cell viability assay using optical oxygen respirometry
Cells were cultured as outlined above and then centrifuged, resuspended in fresh medium, and counted using a hemocytometer. Cells were diluted to the desired concentrations in the range of 10 5 to 10 7 cells/mL with growth medium, and PtCP-BSA conjugate was added to give a final concentration of 10 -7 to 10 -9 M (depending on the experiment). They were then dispensed in 150-µL aliquots into the wells of 96-well plates (Nunc). The plate was preheated at 37°C for 10 min to allow temperature and gas equilibrium. Then, 100 µL of heavy mineral oil was placed on top of each sample (to reduce the effect of atmospheric oxygen), and phosphorescence intensity readings were taken at regular time intervals (1-3 min) for a period of 30-120 min. Time profiles thus obtained were used to determine the initial slopes of the phosphorescent signal in each sample, which were then correlated with the rates of oxygen uptake, metabolic activity, and viability of cells.
Steady-state measurements of the phosphorescence intensity on a SpectraMax Gemini plate reader were carried out using excitation at 380 nm, emission at 650 nm, 9-nm bandwidths, and a 630nm cutoff emission filter. PMT sensitivity option was set to high, and 30 reads were taken per each data point.
Time-resolved phosphorescence measurements (intensity and lifetime-based oxygen sensing) on the ArcDia plate reader (described above) were carried out under the following conditions: laser flash duration = 10 µs, delay time = 20 µs, gate time = 80 µs, and number of flashes = 1000 (integration time = 0.2 s). Luminescence decay curves were measured using bin width 0.5 µs (200 points), and lifetimes were calculated using a single-exponential decay fit.
Time-resolved measurements on the Victor2 plate reader (Perkin Elmer Life Sciences) were carried out under the following conditions: 340/642-nm set of filters for samarium label (preinstalled), delay time = 30 µs, gate time = 90 µs, and number of flashes = 1000 (integration time = 1 s).
Cell viability assay using Calcein AM
To assay viability using Calcein AM dye, FL5.12 lymphoblastic cells were centrifuged at 512 × g for 5 min to pellet the cells. The supernatant was removed, and the cells were washed twice with PBS. The cells were resuspended in a final concentration of 2 µM Calcein AM in serum-free IMDM and incubated at 37°C for 30 min. The cells were collected by centrifugation at 512 × g, and the Calcein AM-loaded media were removed. The cells were resuspended in IMDM and incubated for a further 30 min to ensure complete modification of the probe. The cells were then washed twice and resuspended in PBS. Then, 150-µL aliquots of cells were removed and cell fluorescence was analyzed using a standard 96-well plate and the fluorescent plate reader SpectraMax Gemini (Molecular Devices), using excitation at 485 nm and emission at 535 nm. Test cell fluorescence was taken as a percentage of fluorescence of untreated cells.
Apoptosis induction by IL-3 withdrawal and cell viability analysis
FL5.12 cells were cultured in 24-well plates at 3 × 10 5 cells/mL in IMDM containing 5% FBS with and without 10% IL-3. At the indicated times, viability was determined in parallel by 3 different methods described above: 1) oxygen cell respirometry, 2) Calcein AM assay, and 3) counting live and dead cells after trypan blue staining. The percentage of viable cells was determined from the total number of cells per well, and all data represent the mean for triplicate cultures for each of the time points.
DMSO treatment and cell viability analysis
Samples of Namalwa cells were treated with a DMSO concentration range from 20% to 0.01% v/v. Viability was assessed directly after treatment using respirometry and after a 1-h incubation using trypan blue staining and counting.
Assessment of cytotoxicity of the PtCP-BSA conjugates
Samples of FL5.12 cells in IMDM growth medium (7 × 10 5 cells/mL) were incubated with different concentrations of PtCP-BSA probe (10 -5 to 10 -7 M) in the microplate for 2.5 h at 37°C, during which the samples were scanned every 2 min by the plate reader (SpectraMax Gemini). The viability of FL5.12 cells was then analyzed by trypan blue staining.
RESULTS AND DISCUSSION
Design and synthesis of oxygen probes
PtCP-NCS, a monofunctional reagent designed for phosphorescent labeling of antibodies via their amino groups, 19 was employed to covalently attach the PtCP label to a macromolecular carrier (serum albumin). Due to the large number of amino groups in BSA, labeling proceeded much more easily than with antibodies and conjugates obtained with a high degree of substitution. By varying the incubation time, conjugates with different degrees of substitution were synthesized and studied comparatively. The list of conjugates and their photophysical properties is given in Table 1 . These conjugates were used as cell-impermeable, water-soluble phosphorescent oxygen probes, which have well-defined physicalchemical properties and can be reproduced on a large scale for use in cell-respirometric screening assays.
Optical and quenching properties of PtCP-BSA conjugates
Spectral regions 360 to 400 nm (maximum at 380 nm) or 525 to 545 nm (maximum at 535 nm) can be used for excitation of the PtCP label. The PtCP-BSA phosphorescent oxygen probes are therefore compatible with 532-nm lasers, which can be used in continuous wave or in pulsed mode (the latter allows for timeresolved measurements and phosphorescence lifetime-based sensing of oxygen). These solid-state lasers are powerful and stable but also compact, durable, and relatively low cost.
Quenching by dissolved oxygen was analyzed for different PtCP-BSA conjugates. When changing from air-saturated to deoxygenated aqueous solution, the probes showed approximately 3-to 5-fold enhancement of the phosphorescence intensity, which was fully reversible and independent of the probe concentration. Measurement in time-resolved mode usually produced higher signal change, which makes them more sensitive with respect to measurement of small changes in oxygen concentration. Quenching properties of different conjugates are given in Table 1 .
Stern-Volmer quenching plots for PtCP-BSA conjugates with a low degree of substitution (2:1) were seen to be close to linear, whereas for highly substituted conjugates, significant deviation from linearity was observed. The oxygen calibration functions for different conjugates are shown in Figure 1 . In air-saturated solutions, which is the starting point of cell-respirometric assays, the probe sensitivity to minor changes in oxygen concentration was higher for the conjugates with a low degree of substitution (see the right part of the curves in Fig. 1 ). The sensitivity, expressed as the slope of the calibration curve at air-saturated oxygen concentrations (100% of air saturation), was 0.25 µs and 0.10 µs per percentage of air saturation, respectively. A higher degree of substitution had a significant impact on the emission yield of the PtCP label, which tended to decrease significantly, although the overall emission of the conjugates still increased (Table 1) . Therefore, the conjugates containing 1 to 3 molecules of PtCP per BSA molecule appear more suitable for oxygen sensing and cell-respirometric assays than conjugates with a higher degree of labeling. The emission lifetimes of the probes change from about 25 µs in air-saturated solutions to about 60 to 70 µs in deoxygenated solutions. Such relatively long emission lifetimes of the probes both in air-saturated and deoxygenated solutions make them compatible with commercial time-resolved fluorescence plate readers, thereby allowing time-resolved detection and phosphorescence lifetimebased oxygen sensing. The ArcDia plate reader, which was custom-designed for sensitive detection of PtCP label, was found to be ideally suited to time-resolved measurements with the PtCP-BSA oxygen probes and for cell respirometry.
A number of modern multilabel readers, such as the Victor family (PerkinElmer Life Sciences) and alike, which operate with Xeflashlamp and have a minimal time resolution of 20 to 30 µs or less, are suitable for time-resolved measurements with PtCP-BSA oxygen probes, provided that the appropriate PMTs and excitation and emission filters are installed. Figure 2 demonstrates that on the Victor2 plate reader, the Pt-porphyrin-based oxygen probes provided low dark counts, a high signal-to-noise ratio, and an almost 10-fold signal increase when oxygen concentration changes from the air-saturated and deoxygenated solution. They can be used within a broad range of working concentrations from about 0.1 nM upwards. In contrast, oxygen probes on the basis of ruthenium(II) complexes, having lifetimes of only a few microseconds and less, 18 are not suitable for time-resolved measurements on most commercial time-resolved fluorescence plate readers.
The measurement conditions were optimized for the Gemini, Victor2, and ArcDia plate readers to achieve sensitive detection of the probe, minimal background interferences, and best performance in cell-respirometric assays. The optical properties of test samples must be taken into account. In particular, most growth media contain a phenol red indicator that has a characteristic absorption that is pH dependent and overlaps with PtCP (see Fig. 3 ). Furthermore, scattering and autofluorescence of samples containing cells can affect measurement of the phosphorescence and oxygen quantitation. The optimal probe concentration was found to be approximately 300 nM for the Gemini reader and 0.5 to 5 nM for the ArcDia. The optimal measurement conditions for each instrument are given above (see Experimental section).
The effect of biological samples containing FL5.12 cells on respirometric measurements under these conditions (i.e., blank signals) is shown in Figure 4 . Time-resolved phosphorescence detection of the PtCP-BSA probe was seen to be essentially free of background interference by the cells and growth medium and provided a high signal-to-noise ratio even at probe concentrations as low as 0.5 nM. In contrast, on the Gemini plate reader (steady-state fluorescence measurements), cell samples produced blank signals comparable to the signal of the oxygen probe and tended to increase significantly at higher cell numbers. The temperature dependence of the phosphorescence for Pt-porphyrins and oxygen probes on their basis is relatively flat, 20 allowing PtCP-BSA probes to be used in cell respirometry and other oxygen-sensing applications within a broad temperature range (4-50°C).
Respirometric measurements with FL5.12 cells
The application of the PtCP-BSA oxygen probe to the analysis of FL5.12 cell number and viability using standard 96-well plates and 2 different fluorescent plate readers (Gemini and ArcDia) is shown in Figure 5 . Reliable respiration profiles were obtained in less than an hour for cells at concentrations of~2 × 10 5 cells/mL (i.e., 3 × 10 4 cells per well) and above. Based on the measured time profiles, initial slopes of the phosphorescent signal could be determined, which reflect the rates of oxygen uptake by the cells. These slopes were seen to be linearly dependent on cell number. Assays performed on the time-resolved plate reader ArcDia produced smoother profiles compared to the prompt fluorescence reader Gemini. We attribute this fact to the higher optical interferences by the samples containing cells (scattering), which are much more significant for prompt fluorescence detection, as shown in Figure 4 . The ArcDia reader also allowed the use of > 10 times lower probe concentrations.
The high sensitivity of time-resolved fluorescence measurements with respect to PtCP-BSA using ArcDia and Victor2 plate readers allowed precoating of plates with the oxygen probe by physical adsorption (as in an ELISA). Thus, plates coated with PtCP-BSA at a concentration of 0.05 µg/mL provided a high phosphorescent signal from the wells (about 9000 counts for air-saturated samples) and were used successfully in cellrespirometric assays, showing a similar response to that observed when the probe was added directly to the test sample (results not shown). The FL5.12 cell line has been extensively used as a model to measure changes in cell viability and apoptosis caused by the withdrawal of the necessary growth factor IL-3, which is known to suppress apoptosis in these cells. 21 Here we investigated FL5.12 cell viability over a period of 48 h, using the 1-step respirometric assay described above and 2 conventional cell viability assays-trypan blue staining and counting (microscopy) and Calcein AM assay (fluorescence-based assay in 96-well plates). Figure 6 indicates that cells deprived of IL-3 showed a significant drop in viability after 24 and 48 h. Rates of oxygen consumption were also seen to decline with time in the absence of IL-3. Trypan blue staining and Calcein AM assays showed a similar trend but did indicate slightly higher viability values. Note that for the multistep Calcein AM assay, only the last measurement stage was performed in the microplate, whereas all the preliminary steps (removal of medium, dye staining, washing, centrifugation) were performed in Eppendorf vials. Attempts to perform each step of this assay in a microplate produced large variation and inconsistent results.
Fluorescence-Based Cell Viability Screening Assays
This experiment demonstrates that analysis of rates of oxygen consumption can be used for assessing the viability of cells treated with cytotoxic drugs or in analyzing responses to the presence or absence of soluble growth factors.
DMSO treatment and cell viability analysis
To further evaluate assay performance, Namalwa cells were treated with a concentration range of DMSO and the effect analyzed using respirometry and trypan blue staining. DMSO is a common solvent for screening combinatorial chemical libraries for drug candidates due to its low toxicity for the cells. Respirometry analysis showed DMSO having a more pronounced affect on test cell viability than conventional (trypan blue) analysis suggested. Respirometry analysis took 70 min, and after this time, trypan blue analysis was performed. Trypan blue analysis showed no observable decrease in cell viability at or below 2.5% DMSO, but at this concentration, respirometric analysis showed a 41% drop in oxygen consumption with respect to untreated cells (Fig.  7) . These data illustrate the inherent advantage of oxygen consumption analysis over traditional viability assays relying on membrane integrity. The assay described here is simpler and faster and allows for higher sample throughput than conventional assays.
Probe cytotoxicity
Long-decay luminescent dyes commonly used in oxygen sensors, particularly porphyrins and ruthenium complexes, are known as effective sensitizers of singlet oxygen ( 1 O 2 ) photogeneration. 22, 23 In aqueous solutions, singlet oxygen has a lifetime of~4 µs, so it can migrate at distances of~400 nm 24 and interact with living cells, causing severe damage. This phototoxic action of porphyrin dyes on cells has been exploited in photodynamic therapy of tumors. 25 Therefore, photo-and cytotoxicity of the oxygen probes in cell viability assays is an important issue, particularly when the cells are grown directly on oxygen-sensitive coatings heavily loaded with the dye (such as the BD Biosensor system) or when the oxygen probe is present in solution at high concentration.
To evaluate possible toxic effects of PtCP-BSA conjugates, experiments mimicking conditions of a typical cell-respirometric assay were made using FL5.12 cells (see Experimental section). The results, shown in Figure 8 , indicate that in conditions typically used in the respirometric assays, no toxic effects on FL5.12 cells were observed within the studied range of the PtCP-BSA oxygen probe (10 µM to 0.1 nM) when compared to control cells that were incubated without the probe. These results are in agreement with the previously reported data demonstrating low phototoxic and cytotoxic activity of coproporphyrins on cells. 
Critical comparison
A comparison of this respirometric assay with existing cellrespirometric assays 14 shows that the new assay is faster (minutes, rather than hours and days) and more sensitive, allowing analysis of smaller cell numbers. Also, the slope of the phosphorescent signal (dI/dt or dτ/dt) was seen to be linearly dependent on cell number over the concentration range analyzed, in contrast to the semilogarithmic dependence observed with the BD system. 14 These features of the present assay format are more likely due to the more efficient exclusion of ambient air provided by the oil seal rather than to the oxygen probe. On the other hand, determination of absolute rates of oxygen uptake by cells represents a more difficult task, as ambient oxygen still diffuses into the cell samples at significant rates (results not shown). Variation of results of respirometric measurements on analysis of FL5.12 cells (i.e., error bars) was usually about 20%, which was comparable to other microplatebased cell assays, such as Calcein AM. However, it should be noted that on analysis of the Namalwa cell line, coefficients of variance were consistently below 10% as this cell line has less of a tendency to form aggregates. We believe that performance can be further improved by optimizing assay conditions, such as preparation and treatment of cells, automated liquid handling, strict temperature control, plate shaking during the assay, and so on.
A potential threat to all cell-respirometric assays is cross-sensitivity of the oxygen probe with other compounds that also cause quenching, as well as various optical interferences by fluorescent compounds, light scattering, and absorption by turbid and colored samples. Water-soluble oxygen probes are potentially more vulnerable than solid-state coatings, in which the dye is shielded by an oxygen-sensitive polymer matrix, thereby preventing compounds from affecting the dye while simultaneously allowing interaction with oxygen. In cell-based screening assays, chemicals and effectors are typically added to the cells at low concentrations (µM to nM range), which are unlikely to cause significant quenching of the probe. Also, kinetic monitoring of cell respiration minimizes possible quenching interferences. Lifetime-based oxygen sensing eliminates the effects of static quenchers, which are more common than dynamic quenchers. In a worst-case scenario, a false-positive result can be verified by further experiments, but it cannot cause missing potential hits. The use of long-decay oxygen probes and time-resolved fluorescent detection can efficiently eliminate optical interferences in such assays. In our studies, we have not observed any significant cross-sensitivity of PtCP-BSA probes to other species that would interfere with oxygen sensing. In contrast, the BD system was reported to be susceptible to interference by fluorescent compounds (BD Biosciences Technical Bulletin #449).
Other advantages of the water-soluble probes are that they do not modify the surface of microwells (as opposed to the BD system, in which the bottom of the well is modified with a hydrophobic oxygen-sensitive coating), and they are uniformly distributed in the sample where their concentration can be adjusted by the user. This eliminates problems with growing adherent cells (standard tissue culture grade microplates can be used) and allows one to work with turbid and highly absorbing samples (the BD system would require the bottom-reading mode in this case).
Relatively low cell numbers, trace amounts of oxygen probe, and short assay times make them suitable for high-throughput cellbased screening of drug libraries and related applications. The time frame and performance of the cell viability assays described here are optimal for many screening applications, allowing quantitative parallel assessment of hundreds of samples per hour. For example, in a typical primary screening of combinatorial libraries, test cells are treated with different chemical compounds and changes in their viability monitored periodically over 72 h. These probes and assays are amenable to automation and allow substantial savings in labor and assay costs through miniaturization (384-and 1536-well plates). They are currently being commercialized by Luxcel Biosciences Ltd.
CONCLUSIONS
The water-soluble oxygen probes on the basis of platinum coproporphyrin-I conjugated to macromolecular carriers represent a simple alternative to the solid-state oxygen probes and systems on their basis. Cell-respirometric assays using these probes have proven to work reliably with mammalian cells in assessing their viability, cell numbers, and drug/effector action. These probes and assays are compatible with standard microplates and commercial prompt and time-resolved fluorescence plate readers. These assays are reliable, as they provide positive and kinetic signal response, which is essentially independent of probe concentration and allows self-referencing. Water-soluble oxygen probes and cell viability assays on their basis are convenient for routine laboratory use in many research laboratories.
